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! SUMMARY

Thisreportcoverstheresultsoftheexperimental.investigation
oftheself-excitedtorsionaloscillationofanTIACA0006airfoilsus-
~nded elastically.Therelationshipbetweenthe”torsionaloscillation
andthesheddingofvorticeswasinvestigatedforthisairfoil.

Twotypesof oscillationphenomenawerefoundintheinvestigatim.
Onetype,eXhibitedbycaseswithanaes ofattackjustabovestall,
persistedwithincreasingveloci~.withoutreachinganyap&rentMnit
withintherangeofveloci~attainableinthepresentwindtunnel.The
othertype,exhibitedby“caseswithhigheranglesofattack,ody showed
self-excitedoscillationsina certainrange
decreasingwithincreasingangleof attack.

. INTRODUCTION

Theinvestigationofthefailureofthe
1941indicatedthatan elasticallysuspended

ofveloci@,therange

TacomaNarrows”Bridgein
flatplateexposedat

moderateangleof attackto a windstresmexhibitedself-e;citedtor-
sionaloscillationsof considerableamplitude.An investigationto I
studythisp-henomenonfurtherwassubsequentlyundertakenatthe
GuggenheimAeronauticalLabor40ry,CaliforniaInstituteofTechnolo~,” ‘
underthesponsorshipandwiththefinancialassistanceoftheNational
AdvisokyCommitteeforAeronautics.

.
UnpublishedworkattheCaliforniaInstituteofTechnolo~has

coveredtestresultsofbendingoscillationsandpreliminaryworkon
torsionaloscillations.Reference1 dealswithtorsionaloscillations
onlyandindicate’sthatadditionalresearchisnecessaryto investigate
themechanismforthestartingoftheself-excitedtorsionaloscillations
asrelatedtothesheddingofvortices.Reference1 alsoindicatesthat
therewasnoupperlimittotherangeo.fvelocitiesinwhichtheoscil-
lationsoccurred.Thepresemtinvestigationshowstkt foranglesof
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2 NACATN 2429

attackbeyonda certainlimitthereareupperlimitsto thevelocities
atwhichself-excitedoscillationsoccur.Theresultsofreference3
indicatethatthesmplitudeoftheoscillationsdependsonpasthistory.
Therefore,inthepresentresearchprogrsmtheairfoilwasallowedto
stsrtfromresteveryt@ thevelociwwasvaried.Thestudyofthe
vortexsheddinginan attempttorelateittotheoscillationwas
performedwiththeaidofhot-wireanemometers.

a

v

vl

‘2

‘3
~e

e_

n

N

‘1

N2

N3

b

K

%

m

SYMBOLS

geometricangleofattackofairfoilwhenstationary,degrees

wind velocity,

lowercritical
persecond

uppercritical

feetpersecond

velocityatwhichoscillationstats,feet

velocitya’twhichoscillationno longerstarts,
feetpersecond

veloci~atwhichmaximumsmplitudeoccurs,feetpersecond

amplitudeofoscillation,degrees

~ amplitudeofoscillationat a givenangleofattack,
degrees

frequencyofoscillation,cyclespersecond

frequencyofvortexsheddingwithstationary
persecond

N correspondingto VI,cyclespersecond

N correspondingto V2,cyclespersecond

N correspondingto V3,cyclespersecond

airfoilchord,feet

dhensionlessVonKG number

free-streamdynamicpressure
,,

airfoil,cycles

differenceintotalheadof freestreamandwake

.
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DESCR-~TIONOFAPPARATUS

3

,

An open-returpwindtunnel,as shownschematicallyinfigure1,
wasusedforthisresearchprogram.To insurethattheoscillations
werenotcausedby anyfluctuationin theflowthrotighthetestsection,
threescreenswereplacedattheentryof thecontractionsection.Two
oftheseweremadeof cheesecloth,andthethirdwasmadeof20-mesh
copperscreen.Theywerespacedat l-footintervals.A l-inchgap
wasleftbetweenthediffusersectionandthefansectiontopreventany
oscillationof.theengine-propellersectionfrombeingtransmittedto
theworkingsection.

Tbesuspensionsystemconsistedofa 24S-TDuraluminrodmountedon
eachendof theairfoilas shownin figure2. Thisallowedmaximum
freedomfortorsionaloscillationwhileaffordinglittlefreedomforany
othermodeofmotion.Twosetsofraiswereusedinthisexperiment.
Withthesuspendedmassconstant,thefrequencyofoscillationofthe
airfoildependsonthediameteroftherods. OnesetofDuraluminrods
of0.188-inchdiameter(designatedsuspension1)wasusedto obtaina
torsionalfrequencyofapproximately12 cyclespersecondandanother
setof0.25-inchdiameter(designatedsuspension2)wasusedto obtain
a frequencyofapprodmately20 cyclespersecond.

r

TheNACA0006airfoilwasof laminatedwocdconstructionwitha
9-inchchordandkl-inchspan.Eachendof theairfoilwasfittedwith -
twoDuraluminblocksintowhichfittedthepinsthatconnectedtheairfoil
tothesuspensionsystem.Thedetailsofthesuspensionsystemareshown
infigure2.

Thelinearrelationof stressandstrainofthetorsionrodsfurnished
a convenientmeansofmeasuring%oththefrequencyandtheamplitudeof
theoscillationsby theuseof a straingagemountedon oneofthe
suspensionrodsatan angleof 450totheaxisoftherod. Thus,the
deflectionof thestraingagewasdirectlyproportionaltotheangleof
twist.Theoutputofthestraingagewasfedthrougha 6-CIIEUUEI.amplifier
designedforbothstrain-gageandhot-wiremeasurements.Thecurrent
throughthestraingage,suppliedby a 12-voltdirect-cmentsource,
wasapproximately10milliam~res.Themethodof calibrationusedhere
wassuchthatthefluctuationinthevoltageacrossthestraingageorin
thegainoftheamplifiercouldnotaffectthemeasurementof theangul=
deflections.Thiswasaccomplishedby shuntingthestraingagewithany
oneof severalprecisionresistors.Witha resistorshuntedacrossthe
unreflectedstraingage,thereducednetresistancewasmeasuredwitha
Wheatstonebridge.Then,theshuntwasremovedandtheairfoilwas
deflectedto sucha positionas to givethesameamountofreductionin
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4, NACATN 2429

theresistance.Theangulardeflectionatthispointwasrecorded.This
,,

wasdonewithfourdifferentshuntingresistors.Bymeansofa selector
switchanda microswitchanyoneof thesefourshuntscouldbe placed ,,
acrossthestraingage,eachshuntcorrespondingto a knownangular
deflection.Theoutputoftheamplifierwasfedintoa 6-channelrecording
oscillograph,HeilandTypeA-400R6.Thecalibrationappearedasa steppe~
traceontherecordingpaper.13ycomparingtheheightofthestepandthe
subsequentoscillationrecord,theexactangulardeflectioncouldbe
obtainedindependentofanyvariationinthevoltageacrossthestrain
gageor intheamplifiergain.Theoscillographhada timerwhichmarked
O.01-secondt~ng lineson therecordingtape.

Twosetsofhot-wireanemometerswereusedtomeasurethevortex-
sheddingfrequency.Onesetwasmountedfixedwithrespecttothetunnel,
whiletheotherwasmountedontheairfoilitselfandmove&@th it. The
fixedhot-wiresweremountedonfairedDuraluminstruts,onepro-
trudingintothewindstream-fromthebottomofthetestsectionandthe
otherfrm thetop. Bothstrutsweremountedontraversingmechanism
~ermittingmotionsbothverticalto andalongthewind-streamdirection.
Themovinghot-wiresweremountedbymeansofrigidframesmadeof
l/8-inchcoppertubingsecuredtothetopsurfaceoftheairfoil.One
suchhot-wirewasmountedneartheleadingedgeandtheotheronenear
thetrailingedge,as showninfigure3. Theanemometersweremadeof 1
l/k-roilplatinum-wirewitha lengthofapproximately3/16inch,as shown
infigure3. Approximately100to lm milliamperesof currentwereused. ‘
Theoutputofthehot-wireswasamplifiedandrecordedinthesamereamer .
as forthestraingage.Sincethefrequencyof sheddingwasallthatwas
needed,no calibrationwasnecessary. 4

A cathode-rayoscilloscopewasusedinparallelwiththerecording
oscillographsothatvisual.observationofboththeoscillationofthe
airfoilandthesheddingofvorticescouldbemadewhilerecordswere
beingtaken.Thebestpositionforpickingup thevortexfrequency
atanyvelocityandangle-of-attacksettingwaschosenby observing
theoutputoftheoscilloscopewhilethehot-wirewas-movedacrossthe
wakeofthetraversingmechanismThiswasnecessarybecauseinside
thewakeitwasdifficultto obtainanydefinedpatternofflowbecause
ofhighturbulence.On theborderofthewaketheinfluenceofthe
vortexformationcouldbe feltby thehot-wirewithoutanyappreciable
effectofthewaketurbulence.

Theacc~acyofvelocitymeasuredby meansofa pitot-statictube
mountedinthetestsectionaheadoftheairfoilwasM.2 feetpersecond.
Theaccuracyof settingthea@le ofattackwithres~ectto thewind-
streamdirectionwastl/30.Theaccuracyofoscillationamplitudemeas-
urementwiththeshuntcalibrationswas~.l”. At the‘loweranglesof

o

attack,frmnstallto about15°,theaccufacyofvortexfrequencyreading
wasapproximatelyt15percent,whileathigheranglesitwasapproximately‘
t3percent.

—. . —
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TESTPROCEDURE
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Thevelocitysurveyof theworkingsectionwasmadeby placinga
pitot-statictubeat 30positionswiththeairfoilremoved,andthe”
resultsarepresentedinfigure4.:

Thewakesurveyswereforanglesofattackof8°, 12°,and15°,both ‘
withtheairfoilheldstationaryandwithitoscillating.Theresults
arepresentedinfigures5 to 8.

Tuftsurveysweremadeatanglesofattackof6°,8°,12°,15°,and
19°,withtheairfoilstationary,andtheresultsarepresentedin
figure9.

Fortheoscillationamplitudeandthevortexsheddingfre~ency‘
measurementsthefollowingprocedurewasfollowed:Theairfoilwas
mountedon suspension1 andsetatthedesiredangleofattack,andthe
veloci~wasincreasedslowlyuntiltheoscillationjuststarted.The
velocitywasthendecreasedapproximately5 feetpersecondtoa point
wheretherewasnolo~er anyoscillation.Withtheairfoilheldsta-
tionarythelowerhot-wirewasmovedintoposition,andby observingthe
patternontheoscilloscopethebestpositionwasfoundfordetermining
thevortexfrequency.A recordwas thentakenofthevortexstiedding
frequency.Thevelocitywasthenincreasedandanothervortexfrequency
recordwastakenwiththeairfoilstationary.Theairfoilwasreleased
andallowedtobeginself-excitedoscillation.Iftherewasa~ oscil-
lationatthatparticularveloci~,itwasallowedtoreacha steady
valueas indicatedby theoscilloscope.Whensteadystatewasreached,
theamplifiergainwasadjustedsothatthetracesfilledup theoscil-
loscope-screen.Theverticalgainintheoscilloscopewasalreadyadjusted
sothatfulluseofthescreencorrespondedtothefullUseofthe
recordingtapeintheoscillograph.Againtheairfoilwasstoppedanda
calibrationmarkwasputintherecord.Oneoffourcalibrationms.rks,
correspondingto amplitudesofapproximately1°,3°,7°,and10°,could
be chosen.Theairfoilwasthenreleasedagainandallowedtoretich
steady-stateoscillationbeforea recordwasmadeoftheoscillation.

Theairfoilwasagainstoppedandthevelocitywasincreasedby ‘
about1 footpersecond,followingwhichtheprocedurejystdescribedwas
repeated.Thiswasdoneup tothepointwhereoscillationnolonger
started;or,in caseswheretheoscillationamplitudekeptincreasing,
therunwasterminatedwhentheamplitudewasneartheelasticlimitof
thetorsionrods,whichwasabout150. Thesetestswererunforangles
ofattackof7°,8°,10°,~oj 14°,150;18°,21°,23°, 25°, 27°, and290.
Theresultsoftheserunsarepresentedinfigure10.

>,

—.—.—-- —. ——.— — — .—...—.———— —.— —— ---



.

6

similar measurementsweremadewith
attackof80,12°,and25°. Theresults
sentedinfigure11.

mcAm 2429.

suspension2,at anglesof
ofthesemeasurementsarepre-

In ordertoobtaina completesetof datato showtherelationship
betweenthevortexsheddingfrequencyofthestationaryairfoilandthe
angleofattackwithvelocibasa pumterJ hot-*e fremencYrecords
weretakenovera veloci~rangeofabout20to 45feetoperseccmdfor
anglesofattackof7°,8°y10°}~2°j14°Y15°j18°j21 ~ 23°j25°j27°j
and29°. Resultsoftheserunsarepresentedinfigures12to14.

Bymanipulatingthehot-wiremountedfromt~ topofthetestsection,
the~int offlowseparationontheuppersurfacewasfoundforanglesof
attackof9°,12°,15°,18°,and21°. A scalewasmountedoverthetop
oftheatifoil,withzeroattheleadingedge,sothatthepointof sepa-
rationcouldbemeasuredwithrespecttotheleadingedge.Resultssre
presentedinfigure15.

Fi~ly, in orderto studythesheddingphenomenonwhiletheairfoil
wasoscillatingandtoexaminethephaserelationofthesheddingwith t
theoscillation,shultaneousrecordsofthestraingageandofthehot-
wiresmountedontheairfoilweretakenforanglesofattackof8°,10°,
and18°. Foreachangleof attackandvelocitysettinga recordwasfirst
takenwiththeoscillationtracesagdthesheddingtracesfromtheleading
edgeputonthesametapesothatthephaserelationscouldbe examined.
Forthes@meconfigurationanotherrecordwasmadetiththeoscillation ‘ .
tracesandtheskddingtracestakenbehindthetrailingedge.Results
ofthesetestsarepresentedinfigure16.

,,

EmmmmTm REsuLTs

Theresultsofthevelocitysurveyshowninfigure4 indicatethat
themaximumvelocityvariationwasabout1.6percentin thetestsection.

@ wakesurveysme presentedinfigures5 to 8. Figures5 and6
showthattheoscillatingairfoilproduceda mikeofnearlythesame
widthasthestationaryone. A comparisonof figure7 withfigure8
indicatesthatthewakeforI-2°ofangleofattackwaswiderthanthat
for150. .

Thetuftsurveys,aspresentidinfi~e 9) showt~t theflowwas
notstrictlytwo-dimensional.

Figure10 givestheresultsoftheoscillationamplitudeandthe
shedding.frequencyas a functionofvelocityforanglesofattackof
~, 8°,10°,12°,14°;15°,18°,21°,23°,25°,27°,and29°,using.
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suspension1,
Theseresults

7
.

whichhada frequencyof approximately12 cyclespersecond.
showthatforanglesofattackbelow14°therewasapparently

noupperMmit ofvelocityatwhichself-excitedoscillationsoccurred.
Foranglesof attackhigher+&n 14°therewereupperlimits,andthe
rangeofvelocityinwhichoscillationsstartedbecamelessastheangle
ofattackwasincreased.It- alsobe seenthatforthehigherangles
ofattackthevortex-sheddingfrequencywithintheoscillationrangewas
nesrthenaturalfrequency-oftheoscillatingsystem.

Theplotsofveloci~rangeinwhichself-excitedoscillationoccurred
asa functionofangleofattackaregiveninfigure17. Theplotsof
vortexfrequencyrangeinwhichoscillationoccurredas a functionof angle
ofattackaregiveninfigure18. Themsximumamplitudeof oscillation
andthecorrespondingveloci~andvortexfrequencyforthestationary
airfoilasa functionofangleof attacksregiveninfigure19. Oscil-
lationamplitudesas a functionofangleof attackwiththeveloci~as
a parsmeterareplottedinfigure20.

A thoroughstudyoftheoscillationphenomenausingsuspension2
wasnotmade,‘althoughlimitedresultswereobtainedandarepre-
sentedinfigure11. Theliqitedvelocityrangeofthewindtunnel
restrictedthescopeof theinvestigationusingthestiffersuspension.

FigureI-2givesvortexfrequencyofthestationaryairfoilasa
functionofvelocimforanglesofattackof7°,8°,23°,2i’0,and29°.
Thisfigureshowsthatthefrequenciessrequiteirregulxujustabove
stall,butareregularforthehigherangles.

Figures13 and14 showvortexsheddingfrequencyasa functionof
sina at Mfferentvelocities.It isseenthat,insteadoffollowing

Nbsinaa linearrelation v =K as indicatedby Tyler’sformulagiven

inreference2, thesheddingfreqpencydecreasesatloweranglesof
attack.At thehigheranglesthevalueof K rangesbetweenO.1.12
and0.178,whichis infairagreementwiththevaluesgiveninrefer-
ence2. Tylergivesan averagevaluefor K of0.1!5forairfoils,while
Blenk,Fuchs,andLiebersgivean averagevalueof0.21.

Resultsof themeasurementofpointof separationaregivenin
figure15,whichshowsthattheseparationpointontheuppersurface
isfixedfortherangeofanglesofattackfromstalltol~”andshifts
toa newfixedpositionatanglesofattackfrom1>0on.

Theresultswiththehot-wiresattachedto theoscillatingairfoil
andmeasuringsheddingandoscillationsimultaneouslyaregivenin
figure16.,Theseresultsme discussedindetailinthenextsection.

— —---- -- _.——— —— — ---—— -.—--
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DISCUSSION

Thefactorsaffectingtheoscillation
usedinthisexperimentarethefollowing:

NACATN‘2h29

●

of a systemliketheairfoil
Themomentof inertiaofthe

.,

entiresystem,thetorsionalrigidityofthesuspensionSystemythe
aerodynamicdampingmoment,andthetorsid~lmomentcausedby t~ vortex
shedding.Themomentofinertiaofthesystemis constantifthesystem
isatrest,but4.sincreasedby an “additionalapparentmomentof inertia”
whenitisinmotionina fluid.Whentheairfoilitselfisassumedto
be,veryrigidcomparedwiththetorsionrods,whichis true inthiscase,
thetorsionalrigidi~ofthesystemdependsontherigi&L@ofthetor-
sionrods,andisthereforeconstant.Theaerodynamic-dampingonan
,oscillatingairfoildependeontheangleof attack,thefrequencyand
amplitudeofoscillation,andthevelocityoftheairstream.Glauert
showsinreference3 thatforanoscillatingliftingwingthisdamping
momentispositiveexceptforsuspensionpointsfartherforwardthan .
the25-percent-chordpoint.

If theairfoilisinitiallyatrest,energymustbe putintothe
systemto setitintooscillation.Themechanismwhichputsener~ into
thesystemis theperiodicsheddingof.vortices.Experimentalresults
showthatnooscillationoccurredforanglesofattacklessthan60.
Investigationwiththehot-wirealsoshowedthattherewasno sheddingof
vorticesforanglesofattacklessthan6°. Theliftcurveforthe
NACA0006airfoilinfigure21 showsthatthecurvebeginstodeviate “
froma straightlineafter6°. Theamqmt of ener~putinmustbalance
thedissipationduetodampingin ordertomaintaintheoscillation.It
maybe expectedthattheener$ginputduetothesheddingofvortices

b

wouldbe a maximumwhenthesheddingfrequencyiseqyaltotheoscil-
lationfreqyency.At thispoint,ifthedissipationdueto dampingis
lessthantheenerg input,oscillationwouldoccurandmaintainitself.
However,it isconceivablethatatayartic~= ~e ofattackofthe
airfoilanda particularvelocitywhenthesheddingfrequencyequalsthe
naturalfrequencyofthesystemtheener~ inputisnotsufficient,
becauseofthelowvelocity,to startanyoscillation.Itmaybe seen
fromfigure13thatforanangleofattackof8°thevelocityatwhich.
theshedtingfrequencyequalsI-2isvery10W, and fiWe 30(b)s~ws t~t
therewasnooscillationatthispoint.At higheranglesofattack,a
sheddingfrequencyof12requiresa highervelocity,whichmaybe suffi-
cientto startan oscillation.Resultsatthehigheranglesof attack,
aspresentedinfigures10(e)to1O(Z),showthatoscillationsstartwhen
theratioof sheddingfrequencytonaturalfrequencyisnearone.“If
theveloci~is increaseditmaybe expectedthatthesheddingfrequency
increasega~becomesoutofphasewiththe-naturalfrequency,whiletti.
dampingmoment,atthesametime,isincreasedbecauseoftheincrease

“

inveloci~,sothatoscillationwillnolongerstart.Resultsgiven
infigures10(e)to 10(7)showthistobe thecase.
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Theresultsat theloweranglesofattack,asgiveninfigures10(a)

to10(d),showthattherewasnoupperlfit totherangeofvelocityin
whichself-excitedoscillationoccurred,evenwhenthesheddingfrequency
withthestationaryairfoilwasashighasfourtimesthenaturalfre-
quency.Oncetheoscillationbe~.nitrapidlybtiltup toveryhigh
amplitudes.Thisleadsonetotheconjecturethatat theselowerangles
ofattackthesheddingfreqyency,once,theoscillationis stsrted,is
controlledby theoscillationfrequencyitself,andnolongerby the
veloci~andthestationaryangleofattack.Furthermore,itisobvious “
thatattheloweranglesofattacktheairfoilmustgointotheunstalled
stateduringpartofthecycleof oscillation.Ifanairfoilis stalled
andunstalledperiodically,thechangeinthecirculationand,conse-
quently,inthesheddingofvorticesmustalsobe periodicandhavethe
samefrequencyas theoscillation.To showthatthiswasthecaseat
theloweranglesof attack,hot-wiresweremountedontheoscillatingair-
foilto studytheflowconditionovertheairfoilduringtheoscillation.
Figure16 showstheresultsofthis

Figure16(a)showstwotraces,
lationoftheairfoilandtheother
foiljustbehindtheleadingedge.
casewas6.50,sothatattheupper

study. .

thesinusoidalonebeingtheoscil-
onetheflowconditionovertheair-
Thesmplitudeofoscilktioninthis
endofthetraveltheairfoilwas

atan angleofattackof14.5°andatthelowerendofthetravelitwas
at1.5°. It is seenthatthetraceofthehot-wireresponse“frompoint1
topoint2 is straightandlevel.Point1 correspondsto anangular -
positionof1.5°andpoint2 correspondsto 13.5°.Thus,therecord
indicatesthatbetweenangularpositionsof1.5°and13.5°theflotiover
theairfoilwassmooth.Butatpoint2 thesmoothflowbrokedownsharply,
indicatingthesheddingofa vortex.Thisvortexformationbeganjust
beforetheairfoilstartedon itsdownwardswing.Figure16(b),which
givesthetracesoftheoscillationandtheflowconditionbehindthe
trailingedge,indicatesthatatpoint1 theflowatthetrailingedge
tooka suddenincreasein speedbecauseofthesheddingofthevortex.
Thusit is seenthatonevortexeachwasshedfrm theleadingand
trailingedgesduringeachcycleof oscillation.Thereforejinthecase
oflowerangleofattack,whenduringpartofthecycletheairfoilwas
intheunstalledstate,theoscillationfrequencycontrolledtheshedding
frequency.Thesheddingofthevorticesi.nturnmaintainedtheoscillation,
sincethe.momentproducedby thesheddingwasinphasewiththeoscillation.
Theseresultssubstantiatethestatementthattheoscillatingairfoilmust
controlthevortexfrequencyovera verylargerangeofvelocities.

At thehigheranglesofattacktheairfoilwasapparentlystalled
throughoutthecycleofoscillation,as indicatedby res~tsgivenin
figure16(d),whichshowstheoscillationandflowconditionoverthe
airfoilatan angleofattackof18°andoscillationamplitudeof7.0°.
Figure16(c)showsan intermediarycase,inwhichtheunstalledregion .
wasless,extendedthaninthecaserepresentedby figure16(a).

— . . —.- - .- — - ..——— ——-— —- —-——— — —- .—— — .—.- ——
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CONCLUDINGRXMARKS

At thehigheranglesofattacktheoscillationi’ascontrolledby
thesheddingofvortices,andresonancebetweenvortexsheddingand
oscillationwasappsrent.Theoscillationphenomenaatthelowerangles
ofattackneedtobe furtherinvestigated.Theexcitingmomentsandthe
dampingmomentsshouldbeexaminedquantitativelyinorderto srriveat
a moredefinitecorrelationofvortexsheddingtotorsionaloscillations.

CaliforniaInstituteofTechnolog
Pasadena,Calif.,Msy251,1948
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